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BAK1, an Arabidopsis LRR Receptor-like
Protein Kinase, Interacts with BRI1
and Modulates Brassinosteroid Signaling
“island” between the 21st and 22nd LRR, a single trans-
membrane domain, and an intracellular serine/threonine
protein kinase domain (Li and Chory, 1997).
Three lines of evidence support BRI1 as a receptor
for BRs. First, bri1 loss-of-function mutants are morpho-
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al., 1996; Kauschmann et al., 1996; Li and Chory, 1997;University of Arizona
Noguchi et al., 1999; Friedrichsen et al., 2000). Second,Tucson, Arizona 85721
when a chimeric protein containing the extracellular do-
main of BRI1 and the cytoplasmic kinase domain of
Xa21, a plant disease resistance gene, was expressedSummary
in rice suspension cells, multiple defense-related re-
sponses were observed upon BL application, sug-Brassinosteroids regulate plant growth and develop-
gesting that the extracellular domain of BRI1 can sensement through a protein complex that includes the leu-
BRs (He et al., 2000). Third, immunoprecipitated BRI1-cine-rich repeat receptor-like protein kinase (LRR-
GFP can interact with BL (Wang et al., 2001). BRI1 mu-RLK) brassinosteroid-insensitive 1 (BRI1). Activation
tants carrying an amino acid substitution within thetagging was used to identify a dominant genetic sup-
unique 70 amino acid domain, but not substitutions inpressor of bri1, bak1-1D (bri1-associated receptor ki-
other regions of the extracellular domain, abolishednase 1-1Dominant), which encodes an LRR-RLK, dis-
binding to BL (Wang et al., 2001).tinct from BRI1. Overexpression of BAK1 results in
Recent studies have revealed additional BR signalingelongated organ phenotypes, while a null allele of
elements. Using activation tagging, a potential regulatorBAK1 displays a semidwarfed phenotype and has re-
of BRI1 signaling, BRS1, was identified. BRS1 encodesduced sensitivity to brassinosteroids (BRs). BAK1 is a
a putative secreted type II serine carboxypeptidase.serine/threonine protein kinase, and BRI1 and BAK1
Overexpression of BRS1 suppresses two bri1 extracel-interact in vitro and in vivo. Expression of a dominant-
lular domain mutants but cannot suppress a cyto-negative mutant allele of BAK1 causes a severe dwarf
plasmic kinase domain bri1 mutant. BR is required forphenotype, resembling the phenotype of null bri1 al-
BRS1 to suppress the bri1 extracellular mutants. Basedleles. These results indicate BAK1 is a component of
on these findings, BRS1 was proposed to regulate anBR signaling.
early event in BR signaling (Li et al., 2001a). Another
component in BR signaling is BIN2 (Li et al., 2001b). bin2Introduction
plants display multiple defective phenotypes similar to
bri1 mutants. Because bin2 mutant alleles are semidom-Brassinosteroids (BRs) play a major role in the growth
inant, it was suggested that BIN2 negatively regulatesand development of plants. The importance of BRs is
BR signaling. BIN2 has been recently cloned, and itillustrated by the dramatic phenotypes of mutants that
encodes a cytoplasmic GSK3/SHAGGY-like protein ki-lack the ability either to synthesize or to perceive brassi-
nase (Li and Nam, 2002; Perez-Perez et al., 2002). Over-nolide (BL), the most biologically active and naturally
expression of BIN2 inhibits BR signaling, while reducedoccurring form of the BRs. These mutants exhibit
expression suppresses a weak bri1 allele. These results
dwarfed stature, reduced male fertility, round leaves,
support the function of BIN2 as a negative regulator in
and photomorphogenetic defects.
BR signaling. Recently, BES1 and a homolog BZR1 (Yin
Plants have unique mechanisms for sensing their ste- et al., 2002; Wang et al., 2002) have been identified as
roid hormones. While the widely accepted mechanism nuclear-localized proteins implicated in BR signaling.
for mammalian steroid hormone perception involves li- Dominant mutants of bes1-D and bzr1-1D can suppress
gand-activated transcription factors, which directly the phenotypes of weak bri1 mutants. Both bes1-D and
modulate gene expression (Mangelsdorf et al., 1995), bzr1-1D are insensitive to treatment with the BR biosyn-
sequence homology searches for steroid hormone tran- thesis inhibitor, brassinazole (Asami et al., 2000). In addi-
scription factors in the Arabidopsis genome have failed tion, BES1 is phosphorylated by BIN2 in vitro. BES1 and
to detect similar plant proteins (The Arabidopsis Ge- BZR1 may be functionally redundant proteins involved
nome Initiative, 2000). In plants, one steroid hormone in the downstream signaling events regulated by BRs
receptor is the transmembrane serine/threonine protein (Yin et al., 2002; Wang et al., 2002).
kinase BRI1 (brassinosteroid insensitive 1). bri1 mutants To gain additional insights about BR signaling, we
of Arabidopsis were identified by a characteristic used a gain-of-function screen to find extragenic sup-
dwarfed stature similar to BR biosynthetic mutants and pressors of bri1. We describe the identification of a BRI1
by their insensitivity to treatment with BRs (Clouse et signaling regulator, BAK1. BAK1 encodes an LRR-RLK,
al., 1996). BRI1 is predicted to contain 25 leucine-rich distinct from BRI1, and genetic analyses suggest that
repeats (LRR) separated by a unique 70 amino acid BAK1 is specifically involved in a BRI1-mediated BR
signaling pathway. Furthermore, BRI1 and BAK1 interact
in vitro and in vivo. In addition, it was determined that3 Correspondence: walkerj@missouri.edu
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Figure 1. bak1-1D Is a Dominant Suppressor
of bri1-5
(A) bak1-1D was identified in an activation
tagging screen in bri1-5. Phenotypes of
4-week-old wild-type (ecotype: WS-2), bri1-
5, and bri1-5 bak1-1D plants are shown. Scale
bar is equivalent to 1 cm.
(B) bak1-1D partially suppresses the inflores-
cence length defect of bri1-5. bri1-5 bak1-1D
plants have elongated petioles and rosette
leaf blades. Measurements were taken 5
weeks after germination and were averaged
from 40 individual plants (mean  standard
error). Student’s t tests indicate that the inflo-
rescence length and rosette width of bri1-5
bak1-1D are significantly different from that
of bri1-5, with p  0.0001.
BRI1 and BAK1 can phosphorylate one another, and the At4g33430 (Figure 2A), an LRR II RLK (Shiu and Bleecker,
2001). Members of the LRR II RLKs share sequenceautophosphorylation activity of BAK1 is stimulated by
similarity with Daucus carota (carrot) somatic em-BRI1. Expression of an inactive protein kinase BAK1
bryogenesis receptor kinase (DcSERK) (Schmidt et al.,mutant also produced a strong bri1 phenotype. These
1997). Analyses of the deduced BAK1 amino acid se-studies demonstrated BAK1 is an important factor in
quence (Figure 2B) revealed a predicted signal peptideBRI1-mediated BR signaling.
at its N terminus, followed by four leucine zippers, five
LRRs, a proline-rich region, a single transmembrane do-
main, and a serine/threonine protein kinase domain.Results
Constitutive Overexpression of BAK1bak1-1D Is a Genetic Suppressor of bri1-5
Recapitulates the bri1-5 Suppression PhenotypeScreening for genetic modifiers with activation tagging
Analysis of steady-state levels of BAK1 mRNA showedis a powerful strategy to uncover novel BR signaling
that it was approximately 30 times greater in bak1-1Delements (Li et al., 2001a). Activation tagging screens
than that observed in wild-type or bri1-5 plants (Figureinvolve generating random genomic insertions of a
3). To confirm BAK1 overexpression is responsible fortransgene that contains strong transcriptional en-
the suppressed phenotype, we used the CaMV35S pro-hancers capable of increasing the expression of nearby
moter to drive expression of a BAK1 cDNA in bri1-5genes (Weigel et al., 2000). We carried out a large-scale
plants. From 18 independent transgenic lines analyzed,activation-tagging screen in a weak bri1 allele, bri1-5.
11 lines showed the suppressed phenotype (Figure 3).bri1-5 contains a point mutation resulting in a C69Y
This result confirms that increased expression of BAK1amino acid substitution in the extracellular domain of
is responsible for suppression of bri1-5.BRI1 (Noguchi et al., 1999). bri1-5 plants exhibit a rela-
tively weak dwarf phenotype compared to most other
bak1-1, a Null Allele, Shows a Semidwarfedknown bri1 alleles. From approximately 40,000 trans-
Phenotype and Reduced Sensitivitygenic lines, we identified 12 potential bri1-5 extragenic
to Brassinolide
suppressors. One of these, bak1-1D (bri1-associated
Based on the finding that increased expression of BAK1
receptor kinase-1-1Dominant), suppresses multiple de-
can suppress bri1, we hypothesized that a bak1 loss-
velopmental defects of bri1-5 (Figure 1A). bri1-5 mutants of-function mutant would result in a dwarf phenotype
are dwarf plants, with short inflorescences, but the inflo- reminiscent of bri1. Furthermore, increased expression
rescences of bri1-5 bak1-1D double mutants are twice of BAK1 in a wild-type background should lead to stems
as long as those of bri1-5 plants (Figure 1B). Further- and petioles longer than those of wild-type plants, as
more, while bri1-5 mutant plants have leaves with short- was observed for overexpression of BRI1 and a BR
ened petioles and curled lamina, bri1-5 bak1-1D plants biosynthetic gene, DWF4 (Wang et al., 2001; Choe et
have petioles that are only slightly shorter than wild- al., 1998, 2001). To test these hypotheses and further
type plants and their lamina are not curled (Figures 1A investigate the role of BAK1 in BRI1 signaling, T-DNA
and 1B). knockout pools were screened for null insertion alleles.
Two different lines, bak1-1 and bak1-2, with single
T-DNA insertions in the third intron and first exon, re-
BAK1 Encodes an LRR II Receptor-like spectively, were recovered (Figure 4A). Because these
Protein Kinase two lines share identical morphological defects, further
The activation tagging T-DNA was inserted 618 bp up- characterization was focused on bak1-1. BAK1 mRNA
was not detectable in bak1-1, establishing that bak1-1stream of the start codon of the Arabidopsis gene
Arabidopsis Brassinosteroid Signaling
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Figure 2. BAK1 Encodes an LRR II Receptor-
Like Protein Kinase
(A) In bak1-1D plants, T-DNA from activation-
tagging construct SKI015 was inserted at 618
bp upstream of the start codon of BAK1, with
the T-DNA right border oriented toward the
start codon. The four enhancers are dia-
grammed as ovals. Boxes represent exons.
Lines separating boxes represent introns.
(B) BAK1 encodes an LRR II RLK. The num-
bers show the positions of amino acid resi-
dues. The extracellular domain of the protein
contains a signal peptide, four putative leu-
cine zippers, five LRRs (conserved residues
are in bold), and a proline-rich region. The
extracellular domain is separated from the
cytoplasmic kinase domain by a hydrophobic
transmembrane domain.
is a null allele (Figure 4B). bak1-1 plants have a semi- sette with rounded leaves and shortened petioles (Fig-
ures 4C and 4D). Conversely, bak1-1D plants, in whichdwarfed phenotype (Figure 4C). The inflorescence
length of bak1-1 is about 70% that of wild-type (Figure BAK1 expression is increased in an otherwise wild-type
background, have stems, leaves, and petioles that are4D). Furthermore, bak1-1 plants produce a smaller ro-
longer than those of wild-type. Similar effects on hypo-
cotyl growth were observed with dark-grown seedlings
(Figure 4D).
If BAK1 is involved in BR signaling, growth responses
to BRs could be altered in BAK1 mutants. BAK1 overex-
pressing lines may have an increased sensitivity to BRs,
whereas the bak1 null line could have reduced BR re-
sponses. To test this supposition, a root growth inhibi-
tion analysis was carried out (Figure 4E). Roots from
wild-type plants are sensitive to BL, and their growth is
inhibited at low nM levels of BL. Overexpression of BAK1
(bak1-1D) does not significantly change the sensitivity
to BL, but bak1-1 knockout plants have reduced sensi-
tivity to BL. For example, root growth is inhibited by 66%
and 73% for wild-type seedlings and bak1-1D seedlings,
respectively, when grown in media containing 1 nM of
BL. However, root growth is only inhibited by 25% for
the bak1-1 seedlings (Figure 4F). The morphology of the
roots is also changed when grown on media containing
BL. With 1 nM of BL, bak1-1 roots look morphologically
similar to the roots of plants grown without exogenous
BL, but both wild-type and bak1-1D roots are abnormallyFigure 3. Overexpression of BAK1 Recapitulates the bak1-1D Phe-
notype curled (Figure 4E). Growth of the seedlings without the
(A) Phenotypes of wild-type (ecotype: WS-2), bri1-5, bri1-5 bak1- addition of BL shows bak1-1 roots are only 86% the
1D, and 35S::BAK1 bri1-5 plants. The plants were photographed 3 length of wild-type roots, while bak1-1D roots are 119%
weeks after germination. Scale bar is equivalent to 1 cm. the length of their wild-type counterparts, which is simi-
(B) A Northern blot showing BAK1 is overexpressed in bri1-5 bak1- lar to the growth effects we observed on hypocotyl
1D and 35S::BAK1 bri1-5 transgenic plants. Ten micrograms total
length, stem length, and rosette width (Figure 4D). TheseRNA was used for each lane.
data show that bak1-1 has reduced sensitivity to BL and(C) The ethidium bromide-stained total RNA gel to show equal RNA
loading. support a role for BAK1 in BR signal transduction.
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Figure 4. A Null Allele of BAK1, bak1-1, Shows a Semidwarfed Phenotype and Reduced Sensitivity to BRs
(A) Diagram showing the insertions of the T-DNA in bak1-1 and bak1-2.
(B) bak1-1 is a BAK1 null allele. bak1-1 plants do not have detectable BAK1 mRNA by Northern analysis. bak1-1D plants in a wild-type
background have increased steady-state levels of BAK1 expression compared to wild-type plants (top). Total RNA shows equal loading
(bottom).
(C) Phenotypes of bak1-1, wild-type (ecotype: WS-2), and bak1-1D plants. The photograph was taken 4 weeks after germination. Scale bar
is equivalent to 1 cm.
(D) bak1-1 seedlings grown on 1/2 MS medium under dark conditions show shortened hypocotyls, while bak1-1D seedlings show elongated
hypocotyls (top). Under light conditions, bak1-1 plants have shorter inflorescences (middle) and compact rosettes (bottom), while bak1-1D
plants have longer inflorescences and rosettes compared to wild-type plants. Measurements were taken from 40 individuals (mean standard
error), 6 days after germination for dark-grown hypocotyls and 5 weeks after germination for light-grown plants.
(E) bak1-1 plants show reduced sensitivity to BL. Left panel shows bak1-1, wild-type (ecotype: WS-2), bak1-1D plants grown without BL.
Right panel shows the corresponding plants grown with 1 nM BL. Scale bar is equivalent to 1 cm.
(F) Root growth measurements from seedlings grown on media containing different BL concentrations. Each measurement is the average
(mean  standard error) of 50 roots. The measurements were taken 7 days after germination.
Biosynthesis of BRs and Functional BRI1 Are Both To examine the interplay between BRI1 and bak1-1D,
we generated a bri1-4 bak1-1D double mutant. bri1-4Required for bak1-1D to Suppress bri1-5
To test whether BRs are required for bak1-1D to sup- contains a 10 bp deletion in the extracellular domain of
BRI1, which should result in a frame-shifted null allelepress bri1-5, we constructed a bri1-5 det2 double
mutant and a bri1-5 det2 bak1-1D triple mutant. DET2 of BRI1. As a result, bri1-4 plants show a severe bri1
mutant phenotype (Noguchi et al., 1999). bak1-1D canencodes a steroid 5 -reductase involved in BR biosyn-
thesis (Li et al., 1996). DET2 is responsible for 90% of suppress the partial loss-of-function allele bri1-5 but
cannot suppress the null bri1-4 mutant phenotype (Fig-total BR biosynthesis (Fujioka et al., 1997). As a result,
det2 plants have similar pleiotropic phenotypes as bri1 ure 5B); some BRI1 activity is required for BAK1-medi-
ated suppression.mutants. det2 bri1-5 double mutant plants are much
smaller than either det2 or bri1-5 single mutant plants
due to an additive effect of reduced BR biosynthesis BAK1 Is Expressed in All Tissues Tested
and Is Plasma Membrane Localizedand decreased BR perception. Because bak1-1D does
not appear to suppress the bri1-5 det2 double mutant, Our genetic analyses demonstrated that BAK1 is in-
volved in the BRI1 signaling pathway, perhaps by abiosynthesis of BRs is essential for bak1-1D to suppress
bri1-5 (Figure 5A). direct interaction with BRI1. For BAK1 to interact with
Arabidopsis Brassinosteroid Signaling
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Figure 5. Both BR and Functional BRI1 Receptor Kinase Are Re-
quired for BAK1 to Suppress bri1-5
(A) det2 bri1-5 bak1-1D triple mutant plants are phenotypically iden-
tical to det2 bri1-5 double mutant plants. Plants were grown for 6
weeks and then photographed. Scale bar is equivalent to 1 cm (top).
Northern analysis of 6-week-old triple mutant plants to demonstrate
BAK1 overexpression (middle). The EtBr-stained gel shows equal
loading of total RNA (bottom).
(B) bri1-4 and bri1-4 bak1-1D plants are morphologically alike. The
plants were grown for 4 weeks and then photographed (top). Scale
Figure 6. Expression of BAK1 and Localization of BAK1-GFPbar is equivalent to 1 cm. Northern analysis shows that 4-week-old
bri1-4 bak1-1D plants overexpress BAK1 (middle). BRI1 expression (A) Northern blots to show both BAK1 and BRI1 are expressed in
(transcription level) was still detected in both bri1-4 and bri1-4 bak1- all tissues tested. Lane 1, roots; lane 2, rosette laminae; lane 3,
1D (middle). EtBr staining of total RNA indicates equal loading. rosette petioles; lane 4, stems; lane 5, cauline leaves; lane 6, flowers.
(B) Root apices from 10-day-old transgenic plants harboring
35S::BAK1-GFP were used to visualize the subcellular localization of
BAK1-GFP by confocal microscopy. Left panels show cell structureBRI1 in the plant, it is expected that the two genes would
under light microscopy. Right panels show green fluorescence sig-have overlapping expression patterns and their proteins
nals from the same set of cells shown on the left. Top two panels
would have a common subcellular localization, the show BAK1-GFP signal is detected at the cell surface. Center panels
plasma membrane. BAK1 mRNA can be detected in all show the BAK1-GFP signal is associated with the plasma mem-
brane. After the roots were incubated in 0.8 M mannitol, plasmatissues tested by Northern analysis (Figure 6A), similar
membrane and BAK1-GFP signal retracted from the cell wall dueto the expression pattern of BRI1 (Li and Chory, 1997).
to plasmolysis. Red arrows point to plasma membrane. BottomSequence analysis predicted that BAK1 encodes a
panels show nontransgenic plants do not have detectable greenplasma membrane protein. To examine subcellular lo-
fluorescent signal. Scale bar is equivalent to 20 m.
calization, transgenic plants harboring a 35S::BAK1-
green fluorescent protein (GFP) construct were gener-
ated. The fusion protein is physiologically active because aminoacid analysis indicated that BAK1 only auto-
it can suppress bri1-5. In transgenic plants, BAK1-GFP phosphorylates on serine and threonine but not on tyro-
is localized to the plasma membrane (Figure 6B), which sine residues (data not shown). To determine whether
is the same subcellular localization as BRI1 (Friedrich- BAK1 can phosphorylate BRI1 or be phosphorylated by
sen et al., 2000). The identical expression pattern and BRI1, we created enzymatically inactive forms of BRI1
plasma membrane localization of both BAK1 and BRI1 and BAK1 by mutating a conserved lysine in subdomain
support the possibility that BAK1 and BRI1 may interact II to a glutamic acid. This amino acid substitution has
with one another directly in a physiological setting. been shown to abolish protein kinase activity of other
RLKs (Horn and Walker, 1994; Braun et al., 1997). We
assayed the mutant proteins and determined that theyBAK1 Is an Active Serine/Threonine Kinase
and Can Be Phosphorylated by BRI1 had no protein kinase activity (Figure 7B, lane 6). Mix-
tures of mutant and wild-type proteins were tested forThe cytoplasmic domain of BAK1 contains all 11 subdo-
mains that are conserved in Ser/Thr protein kinases. To protein kinase activity. The results show that BRI1 and
BAK1 can phosphorylate each other in vitro. In addition,test whether BAK1 encodes an active protein kinase,
the BAK1 cytoplasmic kinase domain fused with gluta- combination of the two kinases noticeably increases
phosphorylation of BAK1, but not phosphorylation ofthione S-transferase (GST) was expressed in E. coli,
purified on glutathione agarose resin, and tested for BRI1 or the inactive BAK1. This suggests either that
BAK1 activity is stimulated by BRI1, or that an activeautophosphorylation activity (Figures 7A and 7B). These
data show BAK1 is an active protein kinase. Phospho- BAK1 is a better substrate for BRI1 phosphorylation.
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When the pull-down is performed with mBRI1 and
mBAK1 together, the proteins can still interact, but the
interaction is attenuated. These findings suggest that
while protein kinase activity is not absolutely necessary
for the interaction between BAK1 and BRI1, having pro-
tein kinase activity increases binding.
To further investigate possible association between
BRI1 and BAK1 in vivo, transgenic plants expressing
both BRI1-FLAG and BAK1-GFP were generated by
transformation and crossing. A total membrane fraction
was isolated, and proteins were solubilized from the
membrane fraction. Anti-FLAG antibody was used to
immunoprecipitate BRI1-FLAG. Coimmunoprecipitated
BAK1-GFP was detected with a GFP antibody. The re-
sults show that BAK1-GFP was detected in the immuno-
precipitated BRI1-FLAG complex, indicating a direct
interaction between these two receptor kinases in mem-
Figure 7. Both BAK1 and BRI1 Can Autophosphorylate As Well As brane protein extracts (Figure 8C).Transphosphorylate Each Other
(A) Coomassie Brilliant Blue R-250-stained protein samples. Pro-
Discussionteins were separated on 10% SDS-polyacrylamide gel after incuba-
tion in protein kinase assay buffer and [-32P]ATP. Each lane repre-
sents an independent reaction: lane 1, MBP-BRI1 (catalytic domain); BAK1 encodes an LRR receptor protein kinase that func-
lane 2, GST-BAK1 (catalytic domain); lane 3, MBP-BRI1  GST- tions with BRI1 in brassinosteroid signaling. Several
BAK1; lane 4, MBP-BRI1  GST-mBAK1 (K317E); lane 5, MBP- lines of experimental evidence support the role of BAK1mBRI1 (K911E)  GST-BAK1; lane 6, MBP-mBRI1  GST-mBAK1;
in BRI1-mediated signaling. Increasing BAK1 expres-lane 7, MBP-BRI1MBP GST; lane 8, GST-BAK1MBP GST.
sion suppresses a weak bri1 mutant, suggesting that(B) Autoradiographic results from the same gel after exposing to
X-ray film for 10 min. when signaling activity through the BRI1 receptor is
reduced, as in the case of bri1-5, BAK1 is a rate-limiting
component. BR biosynthesis and at least a partially
functional BRI1 receptor kinase are necessary for sup-BAK1 and BRI1 Interact In Vitro and In Vivo
To determine whether the kinase activity of BAK1 is pression. bak1 loss-of-function mutants express a semi-
dwarf phenotype with rounded leaves, shortened stem,required for suppression of bri1-5, we introduced
35S::BAK1-GFP or 35S::mBAK1 (K317E)-GFP into bri1-5 and decreased sensitivity to BR that resembles a pheno-
typically weak bri1 mutant. bak1-1D gain-of-functionplants (Figure 8A). Among 20 independent transgenic
lines containing BAK1-GFP, 14 plants showed the sup- mutants in a wild-type background, on the other hand,
exhibit the opposite phenotype with elongated rosettepressed phenotype (Figure 8A), while the other 6 plants
resembled bri1-5. Among 12 independent transgenic leaves and stems that is similar to the phenotype seen
in BRI1-overexpressing or DWF4-overexpressing plantslines harboring the mBAK1-GFP construct, 9 plants
showed a severe dwarf phenotype (Figure 8A). The other (Wang et al., 2001; Choe et al., 1998, 2001). BAK1 and
BRI1 have the same expression pattern, and both pro-3 plants resembled bri1-5. These results suggest over-
expression of mutant BAK1 results in a dominant-nega- teins are plasma membrane localized so that physiologi-
cal interaction is possible. In addition, BAK1 and BRI1tive effect due to an interaction between BAK1 and BRI1.
The dominant-negative phenotype correlates with the can phosphorylate one another, and BAK1 shows an
increased level of phosphorylation in the presence oflevel of mBAK1-GFP protein, i.e., plants that show the
strong bri1 phenotype have higher steady-state levels BRI1. Expression of a BAK1 kinase inactive mutant in a
weak bri1 allele produces a strong bri1 phenotype, aof mBAK1-GFP protein than those lines that do not show
the morphological alterations (Figure 8A). dominant-negative effect. Finally, BAK1 and BRI1 pro-
teins have been shown to directly interact with one an-The observation that expression of the mutant BAK1
results in a strong bri1-like phenotype suggests a direct other both in vitro and in vivo. Taken together, these
results demonstrate that BAK1 functions with BRI1 ininteraction between BAK1 and BRI1 in vivo. To test this
hypothesis, we performed an interaction/pull-down ex- BR signal transduction. The role of BAK1 in BR signal
transduction is further supported by the characterizationperiment in vitro. BRI1 and mBRI1(K911E) kinase do-
mains were expressed as MBP fusion proteins, while of BAK1 as a protein identified in a yeast two-hybrid
screen that used the BRI1 kinase domain as a bait (NamBAK1 and mBAK1(K317E) kinase domains were ex-
pressed as GST fusion proteins. After mixing the fusion and Li, 2002 [this issue of Cell]).
The results described above also provide additionalproteins, amylose resin was used to selectively bind the
MBP fusion proteins, and the presence of coprecipitated insights into the molecular mechanisms controlling
brassinosteroid signaling. Previous studies demon-GST fusion proteins was detected with a GST antibody.
As presented in Figure 8B, BAK1 binds to BRI1. BRI1 strated that the extracellular domain of BRI1, especially
the 70 aa island region, is required for BR binding andactivity appears to be important for the interaction be-
cause the amount of GST-BAK1 or GST-mBAK1 is dra- to initiate BRI1 signaling (He et al., 2000; Wang et al.,
2001). Based on our findings, we propose BRI1 is partmatically reduced in the pull-down assay with mBRI1.
The activity of BAK1, on the other hand, is less important of a receptor complex that includes BAK1. Evidence
that substantiates this hypothesis includes coimmuno-for the interaction between the two fusion proteins.
Arabidopsis Brassinosteroid Signaling
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Figure 8. BAK1 Interacts with BRI1
(A) Overexpression of an inactive form of BAK1, mBAK1 (K317E), in bri1-5 background resulted in a dominant-negative phenotype. Top panel
shows the phenotypes of transgenic plants harboring 35S::BAK1-GFP or 35S::mBAK1-GFP. From the left, the first two plants contain 35S::BAK1-
GFP. The third plant from left is bri1-5, the background used as the recipient for transformation. The three plants on the right side are
transgenic plants containing the 35S::mBAK1-GFP construct. All plants were grown for 8 weeks and then photographed. Scale bar is equivalent
to 1 cm. Bottom panel shows the corresponding transgene products. Expression levels of GFP-containing fusion proteins in different transgenic
lines correlates with the expression of a strong bri1-like phenotype in 35S mBAK1-GFP plants. Anti-GFP polyclonal antibodies were used as
primary antibodies and horseradish peroxidase-conjugated anti-rabbit serum as the secondary antibodies.
(B) BRI1 interacts with BAK1 in vitro. After an in vitro pull-down experiment, the proteins were separated on 10% SDS-polyacrylamide gel
and blotted on nitrocellulose membrane. The immunoblot analysis was performed by using anti-MBP antibodies to detect MBP and MBP
fusion proteins (top). Amylose resin precipitated proteins from lane 1, a mixture of MBP-BRI1 (catalytic domain) and GST-BAK1 (catalytic
domain); lane 2, a mixture of MBP-BRI1 and GST-mBAK1 (K317E); lane 3, a mixture of MBP-mBRI1 (K911E) and GST-BAK1; lane 4, a mixture
of MBP-mBRI1 and GST-mBAK1; lane 5, a mixture of MBP-BRI1 and GST; lane 6, a mixture of MBP and GST-BAK1; and lane 7, a mixture
of MBP and GST. The interaction was tested as described in Experimental Procedures. The immunoblot analysis result using anti-GST antibody
shows the coprecipitated GST and GST fusion proteins (middle). In this result, the same blot from the top panel was reused after removal of
anti-MBP antibodies. The corresponding relative affinity (bottom) was calculated based on the intensity of coprecipitated GST and GST fusion
protein immuno signals from middle panel relative to the loading of MBP and MBP fusion protein immuno signals from the top panel.
(C) BRI1 interacts with BAK1 in vivo. Leaves from wild-type (WT, ecotype: WS-2) and transgenic plants (T) expressing BRI1-FLAG and BAK1-
GFP were used to isolate total membrane proteins. Total membrane proteins were immunoprecipitated (IP) with anti-FLAG (FLAG) M2 affinity
gel. Total membrane proteins (4 g/lane) and IP products from WT and T plant extracts (equivalent to 24 g total membrane proteins) were
separated on a 7.5% SDS-PAGE gel. The top panel shows BRI1-FLAG is associated with membranes and can be immunoprecipitated with
FLAG. N indicates nonspecific immuno signals. The bottom panel shows the immuno signals from a duplicate nitrocellulose membrane
detected with anti-GFP antibodies (GFP).
precipitation of both receptor kinases from plant ex- assay, but express a weaker phenotype than that seen
in bri1 null mutants. Thus, either BAK1 belongs to atracts and the in vitro interaction results. The severe
dwarf phenotype observed in lines overexpressing a gene family in which other members of the family have
overlapping function in BRI1 signaling, or additionalmutant form of BAK1 suggests this dominant-negative
effect is due to the mutant BAK1 directly interfering with components in the BRI1 complex control a subset of
BRI1-mediated effects. By sequence alignment, BAK1BRI1 signaling. The hypothesis that BAK1 is part of a
BRI1 signaling complex is further supported by the ob- is related to the Arabidopsis AtSERK1 to AtSERK5 and
Daucus carota SERK (DcSERK) (Hecht et al., 2001;servation that BAK1 activity as a bri1 suppressor is de-
pendent on BRI1, because overexpression of BAK1 Schmidt et al., 1997). Transcript levels of AtSERK1 and
DcSERK have been shown to be molecular markers cor-does not suppress a BRI1 null allele.
bak1-1 mutant plants show a semidwarfed phenotype relating with competence of somatic cells to develop
into embryos in tissue culture. Like AtSERK1, BAK1 con-and reduced sensitivity to BL in a root-growth inhibition
Cell
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the probes used in this report are the full-length cDNAs unlesstains an extracellular leucine zipper motif, 5 LRRs and
specified in Figure legends. Following high-stringency hybridizationa proline-rich region. However, BAK1 differs from
and washing, all the blots were exposed to X-ray film for 2–4 days.AtSERK1 or DcSERK is that it lacks a leucine-rich region
at its carboxyl terminus. Also, AtSERK1 and DcSERK Vector Construction, Site-Directed Mutagenesis,
are primarily expressed in the embryos, while BAK1 ap- and Transformation
pears to be ubiquitously expressed. Finally, overexpres- For Arabidopsis transformation, BAK1, BAK1-GFP, BRI1, and BRI1-
FLAG were PCR amplified and cloned into KpnI or KpnI-SacI sitession of AtSERK1 in wild-type plants did not show altered
in either pBIB-KAN or pBIB-HYG binary vectors (Becker et al., 1992).phenotypes, indicating a function distinct from BAK1
For fusion protein production used in in vitro phosphorylation and(Hecht et al., 2001). Besides AtSERK1, there are at least
protein-protein interaction analyses, the BAK1 catalytic domain was
12 additional BAK1-like genes identified from the Arabi- PCR amplified from cDNA with primers TCTGAATTCGGACAACT
dopsis genome (The Arabidopsis Genome Initiative, GAAGAGGTTTTCATTG and TCTCTCGAGTTATCTTGGACCCGAG
2000; Shiu and Bleecker, 2001). It may be that one or GGGTATTC and then cloned into EcoRI-XhoI sites of pGEX-6P-1
(Amersham Pharmacia Biotech). BRI1 catalytic domain was PCRmore of these genes have redundant functions with
amplified from BRI1 cDNA with primers TCTGGATCCGGTAGAGABAK1.
GATGAGGAAGAGACGGA and TCTAAGCTTTCATAATTTTCCTTCABased on our findings, we propose a model of BRI1
GGAACTTC and then cloned into BamH1-HindIII sites of pMALcR1.
signaling reminiscent of the transforming growth factor Site-directed mutagenesis was carried out using the QuickChange
 (TGF) signaling cascade. TGF, a peptide hormone, Site-Directed Mutagenesis Kit (Stratagene). All DNA constructs used
is bound by a transmembrane serine/threonine protein for transformation or protein production were sequence verified.
Floral dipping Agrobacterium-mediated transformation was usedkinase (type II), which then interacts with and transphos-
for all Arabidopsis transformation (Clough and Bent, 1998).phorylates a second transmembrane serine/threonine
protein kinase (type I). Type I receptors then transphos-
Knockout Screeningphorylate SMAD proteins, which move to the nucleus
The BAK1 knockout lines, bak1-1 and bak1-2, were identified by
and modulate gene expression (Massague´, 1998). It was screening the Wisconsin Arabidopsis knockout pools. The T-DNA
previously reported that BRs bind to BRI1 and stimulate insertion site was determined by DNA sequencing.
BRI1 autophosphorylation (Wang et al., 2001). We hy-
pothesize that the ligand bound BRI1 activates BAK1. Root-Growth Inhibition Assay
All of the seeds used for root growth analysis were freshly harvestedThe activated BAK1 could then phosphorylate other
from plants grown under a 16 hr light/8 hr dark growth regime. Thedownstream components to ultimately modulate gene
seeds were surface sterilized as described (Li et al., 2001a) andexpression and regulate plant growth. This model pro-
placed on plates containing different concentrations of BRs. The
vides several testable hypotheses that can be investi- plates were kept in a 4	C cold room for 2 days, then irradiated under
gated. red light for 1 hr to ensure uniform germination, placed in the dark
for 23 hr, and then grown vertically with 100 mol·m
2·s
1 yellowRecent advances in elucidation of the BR signaling
illumination at 23	C. Germination is considered to occur 23 hr afterpathway, although still incomplete, make this pathway
red light illumination. Seven days after germination, the roots wereone of the best-understood signal transduction cas-
photographed and measured.cades in plants. The results presented in this work sup-
port the hypothesis that BRI1 perception of BRs is cou-
Generation of det2 bri1-5, det2 bri1-5 bak1-1D, bak1-1D,
pled with other components, including BAK1, an LRR and bri1-4 bak1-1D
RLK distinct from BRI1. Understanding how BRI1 and det2 bri1-5 was generated by crossing det2-101 with bri1-5, det2
bri1-5 bak1-1D was generated by crossing det2-101 with bri1-5BAK1 influence the activities of additional components
bak1-1D, and bri1-4 bak1-1D was generated by crossing bak1-1Din the BR pathway will lead to a better understanding of
with bri1-4. In each case, the F1 was allowed to self-fertilize, andhormonal signaling and the roles of the receptor protein
candidate double or triple F2 plants were genotyped by a combina-kinases in plant growth and development.
tion of phenotypic examination, PCR genotyping, DNA sequencing,
and Northern analyses. bak1-1D was generated by backcrossingExperimental Procedures
bri1-5 bak1-1D with wild-type (WS-2) plants. The seeds from F2
individuals were planted and similarly tested to identify lines havingIdentification of bak1-1D and Molecular Cloning of BAK1
bak1-1D but lacking the bri1-5 mutation.Activation tagging lines were generated in bri1-5 as previously de-
scribed (Li et al., 2001a). Segregation indicated that bak1-1D is a
Confocal Microscopydominant suppressor of bri1-5. The bri1-5 bak1-1D homozygous
Root apices from 10-day-old transgenic plants harboringline was obtained from T3 progeny of the original mutant suppressor.
35S::BAK1-GFP were used for confocal analyses. The confocal usedHomozygous seeds were then used for all experiments described
is a Biorad Lasersharp 2000 (Hercules), Kr/Ar Laser 488. The micros-throughout this work. Genomic DNA was isolated from 2-week-old
copy used was Olympus IX70 with objective 60 water immersionseedlings with the Nucleon Phytopure DNA Extraction Kit (Amer-
NA 1.2.sham Pharmacia). Five micrograms of genomic DNA was digested
by EcoRI and purified with the CONCERT Nucleic Acid Purification
Protein Phosphorylation AnalysisSystem (GIBCO-BRL), and one half of the sample was ligated in 100
MBP, MBP-BRI1, MBP-mBRI1, GST, GST-BAK1, and GST-mBAK1l overnight at 16	C. Four microliters of the ligated DNA was used
were induced and purified as described previously (Horn andas template for inverse PCR with primers AATTAACCCTCACTA
Walker, 1994). Phosphorylation was assayed as described pre-AAGGGAACAAAAG and GTTTCTAGATCCGAAACTATCAGTG. A 2.3
viously (Horn and Walker, 1994) with modifications. Each reactionkb inverse PCR product was obtained and sequenced. The full-
was set up in 20 l volume with 2 g each protein, 1 kinase bufferlength BAK1 cDNA was cloned by RT-PCR using primers TCTGG
(50 mM HEPES [pH 7.4], 10 mM MgCl2, 10 mM MnCl2, 1 mM DTT,TACCATGGAACGAAGATTAATGATC and TCTGAGCTCTTATCTTG
and 10 M ATP), and 1 l [-32P]ATP. The reaction was incubatedGACCCGAGGGGTATTC.
at 25	C for 1 hr and then terminated by adding 20 l 2 SDS sample
buffer. A volume of each phosphorylation reaction containing 0.5 gTotal RNA Isolation and Northern Analyses
each protein was separated by SDS polyacryamide electrophoresis.Total RNA was isolated with RNeasy (Qiagen). Ten micrograms total
RNA per lane was used for Northern analyses. The templates for all The gel was then stained, dried, and autoradiographed.
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PBS buffer (10 mM NaH2PO4, 135 mM NaCl [pH 7.5]) supplemented
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